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In Brief
Diebolder et al. used cryoelectron
tomography and subtomogram
averaging to show that flagellin-induced
NAIP5/NLRC4 inflammasomes form
helical polymers. Rigid body fitting of
dormant NLRC4 crystal structure
subdomains indicated that LRR domain
rotation accompanies NLR activation.
This might also be relevant for other NLR-
containing inflammasomes.
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Inflammasomes are high molecular weight protein
complexes that play a crucial role in innate immunity
by activating caspase-1. Inflammasome formation is
initiated when molecules originating from invading
microorganisms activate nucleotide-binding domain
and leucine-rich repeat-containing receptors (NLRs)
and induce NLR multimerization. Little is known
about the conformational changes involved in NLR
activation and the structural organization of NLR
multimers. Here, we show by cryoelectron tomogra-
phy that flagellin-induced NAIP5/NLRC4 multimers
form right- and left-handed helical polymers with a
diameter of 28 nm and a pitch of 6.5 nm. Subtomo-
gram averaging produced an electron density map
at 4 nm resolution, which was used for rigid body
fitting of NLR subdomains derived from the crystal
structure of dormant NLRC4. The resulting structural
model of inflammasome-incorporated NLRC4 indi-
cates that a prominent rotation of the LRR domain
of NLRC4 is necessary for multimer formation, pro-
viding unprecedented insight into the conformational
changes that accompany NLR activation.
INTRODUCTION
The innate immune system provides mechanisms for both re-
cognition and clearance of invading microorganisms. In the
cytosol the nucleotide-binding domain and leucine-rich repeat-
containing receptors (NLRs) play an essential role by recog-
nizing a wide variety of pathogen-associated molecular patterns
(PAMPs) and subsequently inducing an immune response (Chen
et al., 2009).
NLRs typically comprise three functional domains. The C-ter-
minal leucine-rich repeat (LRR) domain maintains the NLR in an
autoinhibited conformation in the absence of a stimulus (Hu
et al., 2013). The central NOD or NACHT (neuronal apoptosis in-
hibitor protein [NAIP], major histocompatibility complex class II
transactivator [CIITA],HET-E, and TP1) domain (Koonin and Ara-Structure 23, 2349–23vind, 2000) is essential for ligand-induced and ATP-dependent
multimerization of activated NLRs into an oligomeric complex
(Inohara and Nunez, 2001; Schroder and Tschopp, 2010). In
this oligomer, the N-terminal effector-binding domains (EBDs)
are thought to be exposed, enabling the recruitment of down-
stream signaling proteins. For a subset of NLRs, activation leads
to the recruitment and proteolytic activation of procaspase-1.
Activated caspase-1 in turn processes prointerleukins, thereby
inducing inflammation and an inflammatory cell death called
pyroptosis. Most caspase-1-activating NLRs possess a pyrin
domain (PYD) as EBD at their N terminus and require the helper
protein ASC to recruit procaspase-1, whereas NLRC4 can
directly interact with procaspase-1 via its N-terminal caspase
recruitment domain (CARD) (Schroder and Tschopp, 2010).
The assembled signaling hub containing the NLR multimer,
ASC, and procaspase-1 is termed the inflammasome (Martinon
et al., 2002). Aberrant inflammasome formation is linked to
severe inflammatory disorders such as familial cold autoinflam-
matory syndrome, enterocolitis, andmacrophage activation syn-
drome (Kitamura et al., 2014; Romberg et al., 2014; Canna et al.,
2014; Mason et al., 2011).
Structural information on NLRs and the composition and for-
mation of inflammasomes has only recently started to emerge.
The crystal structure of monomeric CARD-deleted NLRC4 re-
vealed how the dormant state is maintained by interactions be-
tween the LRR and NACHT domain as well as within the NACHT
domain (Hu et al., 2013). Moreover, several electron microscopy
(EM)-based studies provide insight into the prion-like polymeri-
zation of the effector molecules that regulate processes down-
stream of NLR activation (Cai et al., 2014; Lu et al., 2014). We
recently provided the first negative-stain electron tomography
(ET) images of hetero-oligomeric NAIP5/NLRC4 multimers,
which are formed upon specific detection of Salmonella Typhi-
murium flagellin by NAIP5. Our data suggested that they are
disc-shaped particles comprising 11 or 12 protomers in a ring-
like arrangement. In addition, we also obtained helical structures
that contained NLRC4 only (Halff et al., 2012). Similar filamen-
tous structures, in addition to disc-like structures, have been
reported for NLRP3 (Lu et al., 2014). In this study, we employ cry-
oelectron tomography (cryo-ET) and subtomogram averaging to
obtain higher-resolution three-dimensional structural data of the
hetero-oligomeric NAIP5/NLRC4 complex. We find that NAIP5/
NLRC4 multimers occur as both left- and right-handed helices57, December 1, 2015 ª2015 Elsevier Ltd All rights reserved 2349
Figure 1. Structural Heterogeneity of
NLRC4-Containing Multimers
(A) Cryo-EM projection image of an NLRC4
multimer.
(B) Sections through cryoelectron tomograms of
dimeric NAIP5/NLRC4/FliC-D0L multimers at a
concentration of 5 mg/ml, showing transversal
(white circle) and lateral slices (white rectangle)
through the complexes. Arrowheads denote dimer
interfaces in lateral tomogram slices.
(C) Analysis of multimer formation in HEK293E cells
transfected with the proteins indicated. Boxed
proteins carry a StrepII3-His6 purification handle;
‘‘N’’ indicates that the protein is fused to GFP at its
N terminus, ‘‘C’’ indicates that the protein is fused
to GFP at its C terminus. Purified protein was
analyzed by SDS-PAGE (middle panel) or native
PAGE (bottom panel; size markers on the right in
kDa) followed by silver staining. Reduced weight of
GFP-NLRC4 fusion constructs indicates suggests
impaired dimerization.
(D) Isosurface representations of selected par-
ticles seen in (B), reflecting a high degree of
heterogeneity.
(E) Section (left) and isosurface representation
(right) of averaged dimeric particles of NAIP5/
NLRC4/FliC-D0L.
Scale bars in (A) and (B) represent 100 nm.of varying length, with the EBDs positioned at the center of the
helix. Rigid body fitting of the atomic structure of dormant mouse
NLRC4 (Hu et al., 2013) into the subtomogram averaged map
of the NAIP5/NLRC4 multimers suggests that conformational
changes within the NACHT domain and rotation of the entire
LRR domain are required to establish intermolecular interactions
between neighboring NLRs and the formation of a CARD plat-
form. Our data provide initial structural insight into the mecha-
nism of NLR multimerization.
RESULTS
Cryoelectron Tomography Reveals Heterogeneity of
NLRC4-Containing Inflammasomes
Complexes were purified from HEK293E cells expressing either
murine NLRC4 alone or NLRC4 co-transfected with murine
NAIP5 and the Salmonella Typhimurium flagellin fragment FliC-
D0L, as published previously (Halff et al., 2012, 2014). Cryoelec-
tron microscopy (cryo-EM) of purified NLRC4 at high concentra-
tion shows large elongated complexes (Figure 1A) that in size
and shape are similar to the rod-shaped particles observed pre-
viously by negative-stain EM (see Figures 8C and 8D in Halff
et al., 2012). Cryo-ET on NAIP5/NLRC4/FliC-D0L multimers like-
wise confirmed our previous observations, revealing similarly
shaped and sized structures that resemble a dimeric disc (Fig-
ure 1B, left) and occasionally elongated striated tube-like com-
plexes (Figure 1B, right; and see Figures 8E–8G in Halff et al.,
2012).
Our NAIP5/NLRC4/FliC-D0L particles bear a strong resem-
blance to the homologous apoptosomes, in which the formation
of dimeric discs was shown to be mediated by interaction
between CARD-exposing surfaces (Yuan et al., 2010, 2011).2350 Structure 23, 2349–2357, December 1, 2015 ª2015 Elsevier LtdTo verify whether dimerization of NAIP5/NLRC4/FliC-D0L com-
plexes is also CARD mediated, we fused NLRC4 and NAIP5 at
their N or C terminus toGFP and analyzed complex formation us-
ing native gel electrophoresis (Figure 1C).Whereas fusion of GFP
to the C terminus of either NLR, or the N-terminal EBDs of NAIP5
leaves multimer size unaffected, fusion of GFP to the CARD of
NLRC4 resulted in decreased complex size, as seen on native
gel (Figure 1C, bottom). This would indeed be consistent with
obstruction of CARD-mediated dimerization.
In contrast to the appearance in stained samples, in which
NAIP5/NLRC4/FliC-D0L complexes appeared to be a dimer of
flat discs, analysis of the cryoelectron tomograms now suggests
that the halves of the dimeric structures are short helical seg-
ments comprising one or two, or in rare cases, more turns (Fig-
ures 1B and 1D). In transversal cryotomogram slices through
individual tubular NAIP5/NLRC4/FliC-D0L complexes the curved
LRR domains protruding outward can be observed, roughly indi-
cating the location of individual NLRs (Figure 1B, circle), as was
also observed in tomograms of negatively stained NAIP5/NLRC/
FliC-D0L samples (see Figure 8F in Halff et al., 2012). Subtomo-
gram averaging of whole dimers, however, resulted in a very low-
resolution structure with the shape of an hourglass in which
neither the structural buildup of the multimers nor individual pro-
tomers could be resolved (Figure 1E). This loss of structural de-
tails upon averaging suggests heterogeneity of the particles.
Formation of Rod-like NAIP5-PKG/NLRC4 Particles
Neither negative-stain ET nor subtomogramaveraging of cryo-ET
of dimeric particles allowed us to differentiate between NLRC4
(117 kDa) and NAIP5 (160 kDa). In an attempt to localize NAIP5
in the complex, we fused NAIP5 at its C terminus to the 76-kDa
intracellularprotein cyclic guanosinemonophosphate-dependentAll rights reserved
Figure 2. Purification and Characterization of NAIP5-PKG/NLRC4/
FliC-D0L Multimers
(A) Analysis of multimer formation in HEK293E cells transfected with proteins
indicated. Boxed proteins carry a StrepII3-His6 purification handle; ‘‘P’’
indicates fusion to PKG at the C terminus. Purified protein was analyzed by
SDS-PAGE (first panel) or native PAGE (third panel; size markers on the right in
kDa), followed by silver staining. Cleared cell lysate was analyzed on western
blot probed with anti-His-antibody (second panel). Bottom panel shows a
schematic of NLR constructs used; asterisks indicate position of the purifi-
cation tag.
(B) Elution profile of NAIP5-PKG/NLRC4/FliC-D0L complexes separated by gel
filtration after affinity purification on StrepTactin beads. Fractions pooled for
cryo-ET analysis (D) are indicated.
(C) SDS-PAGE analysis of NAIP5-PKG/NLRC4/FliC-D0L complexes after
affinity purification (left) and gel filtration (right).
(D) Section through cryoelectron tomogram of NAIP5-PKG/NLRC4/FliC-D0L
multimers at a concentration of 1.2 mg/ml. Scale bar represents 100 nm.
(E) Section (left) and isosurface representation (right) of averaged dimeric
particles of NAIP5-PKG/NLRC4/FliC-D0L.
Structure 23, 2349–23protein kinase Ia (PKG). To achieve NAIP5-PKG/NLRC4multimer
formation, we co-transfected HEK293E cells with NLRC4-Flag3-
His6, FliC-D0L, and NAIP5-PKG-TEV-StrepII3-His6. Complex for-
mation was assessed by single-step purification with StrepTactin
beads (Figure 2A). We verified that the presence of PKG does not
induce autoactivation of NAIP5 or abrogate ligand-induced for-
mation of the NAIP5/NLRC4 complex. Indeed we confirmed
that, in the absence of FliC-D0L, neither NAIP5 nor NAIP5-PKG
form a complex with NLRC4. In the presence of FliC-D0L, how-
ever, NLRC4 co-purifies with both NAIP5 and NAIP5-PKG and
forms high molecular weight multimers. On native gel the
NAIP5-PKG/NLRC4/FliC-D0L complex displays a more diffuse
band, which runs higher than the NAIP5/NLRC4/FliC-D0L com-
plex, suggesting that the PKG-containing complex differs in size
and/or shape (Figure 2A, third panel). For structural analysis we
purified the NAIP5-PKG/NLRC4 multimers on a larger scale by
single-step affinity purification on StrepTactin beads as before,
andadditionally includedagel filtrationpurification step to remove
monomeric NAIP5-PKG (Figure 2B). SDS-PAGE analysis of affin-
ity-purified NAIP5-PKG/NLRC4/FliC-D0L complexes before and
after gel filtration revealed NLRC4 to be the main component of
the assembled multimers (Figure 2C). Cryoelectron tomograms
of the NAIP5-PKG/NLRC4/FliC-D0L multimer show dimeric parti-
cles with similar shape and diameter as tomograms of NAIP5/
NLRC4/FliC-D0L multimers. However, they are longer, usually
comprising two or more striations instead of one (Figure 2D),
which is in agreement with the increased molecular weight of
this complex as measured by native gel electrophoresis (Fig-
ure 2A). Averaging of the longer NAIP5-PKG/NLRC4/FliC-D0L
multimers resulted in a structure with the shape of two double
discs rather than single discs (Figure 2E). This average had a
slightly increased resolution (9 nm compared with 12 nm
for the average of NAIP5/NLRC4/FliC-D0L; Figure 1E), indi-
cating increased homogeneity and/or rigidity of the larger
particles.
Subtomogram Averaging Reveals Helical Buildup of
NAIP5-PKG/NLRC4/FliC-D0L Multimers
Initial subtomogram averaging of the longest multimers resulted
in an average whereby the LRR domains, prominent in individual57, December 1, 2015 ª2015 Elsevier Ltd All rights reserved 2351
Figure 3. Subtomogram Averaging and Domain Modeling of NAIP5-PKG/NLRC4/FliC-D0L Multimers
(A) Sections (upper panels) and isosurfaces (lower panels) of unaveraged individual particle (left) and the same particle after internal averaging using right-handed
helical symmetry with a slope of 6.5 nm (right).
(B) Similar analysis as in (A) of a particle assuming left-handed symmetry.
(C) Isosurfaces of subtomogram averages of particle classes with right-handed (nine particles, far right) or left-handed symmetry (six particles, far left) as well as
an average of all 15 particles before classification (center).
(legend continued on next page)
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tomograms, did not show up (Figure 3C, center two images).
This suggested that the average might be a mix of different
structures. Therefore, we manually traced individual NAIP5-
PKG/NLRC4/FliC-D0Lmultimers in the tomograms. This showed
that both left- and right-handed helices were present (Movie S1).
The 15 longest rods were analyzed for internal symmetry and
grouped into nine right-handed and six left-handed helices (Fig-
ures 3A and 3B; Supplemental Experimental Procedures). For
both hands, class averages were calculated making use of the
visible pitch of the helix, which for both multimers measures
6.5 nm. Both right- and left-handed averaged helices (Figure 3C)
show more structural detail than the combined average, which
has a resolution of 6 nm according to the 0.5 Fourier shell cor-
relation criterion.
The right-handed average (Figures 3C [right] and 3D) has the
highest resolution (4 nm, Figure S1) and shows sufficient detail
to allow for determination and iterative refinement of helical sym-
metry parameters. After principal component analysis and unsu-
pervised k-means clustering, the final average comprised 50
protomers originating from initially 900 boxed protomers (100
per particle). The right-handed NAIP5-PKG/NLRC4/FliC-D0L
multimer has a diameter of 28 nm and pitch of 6.5 nm, and shows
H 5.57 ± 0.34 A˚, +30.9, 1, 1 symmetry according to EM conven-
tion (Figures 3D and 3E; Heymann et al., 2005), resulting in 11.65
protomers per turn, which is in accordance with the 11–12 pro-
tomers observed before (Halff et al., 2012). The cryo-ET average
map of right-handed NAIP5-PKG/NLRC4 complex is archived at
the EMDataBank (Database: EMD-2901).
The averaged density map reveals a structure containing a
central rod-shaped core, which forms the axis of an outer helical
rim. In analogy to the homologous apoptosomes in which
the ligand-binding domains protrude outward (Acehan et al.,
2002), the rim of the helix is expected to be formed by the C-ter-
minal LRR domains of the NLRs, which display a typical arc-like
structure. Indeed, the outer rim is well defined, resembling con-
nected arcs, which indicate the position of individual protomers
(Figure 3E). Closer to the center of the helix the density curves
upward, a shape reminiscent of the so-called concave hub
observed in apoptosomes, where it contains the NACHT do-
mains. In apoptosomes the concave hub forms a closed ring,
whereas in our structure it forms a continuous helix (Figure S2).
We presume that the central rod-like density, which is weakly
connected to the ring structure, harbors the EBDs, being
either CARDs or baculovirus inhibitor of apoptosis repeat (BIR)
domains.
Rigid Body Fitting of NLRC4 Fragments Has Implications
for an NLRC4 Activation Model
To interpret the helical map, we fitted atomic models derived
from the crystal structure of dormant NLRC4 (PDB: 4KXF; Hu(D) Isosurface of refined right-handed average at 40 A˚ resolution (left) and later
(E) Surface renderings of helix (left) and section along the helix (right) of symmetr
symmetry. Proposed locations of NLRC4 domains (CARD, NACHT, LRR) are ind
(F) Fit of final pseudoatomic NLRC4 model of 11 protomers (colored) into the s
downsampled to 10 A˚ resolution; color coding given in schematic at bottom is s
(G) Top view of the same model in ribbon representation (excluding the CARDs,
(H) NLRC4 activation model. Shown are cartoon representations of the crystal s
NLRC4 (center), and an overlay of both models superposed on the WHD-HD2 se
Structure 23, 2349–23et al., 2013) to the averaged and symmetrized right-handed
EM map (Figures 3F and 3G). The crystal structure of NLRC4
comprises the central NACHT and C-terminal LRR domains;
both domains are also present in NAIP5. Given the overall con-
servation of their NACHT and LRR domains (24.7% identity
and 34.2% similarity; Figure S3A) and the limited resolution of
the EM map, we expected that a NACHT-LRR model based on
the structure of NLRC4 is also adequate for the corresponding
NAIP5 regions. The N-terminal NLRC4 CARD is absent in the
crystal structure; therefore, we used the crystal structure of the
Apaf-1 CARD (PDB: 1Z6T; Riedl et al., 2005) for modeling. The
FliC-D0L fragment was omitted from the fitting procedure, since
the contribution of the small 11-kDa fragment to the averaged
map will be negligible in the low-resolution map.
We first manually fitted the NLRC4 crystal structure into the
density of the EMmap, guided by the obvious position and direc-
tion of the LRR domains in the outer rim of the helix. Subsequent
generation of symmetry-related protomers using the helical pa-
rameters resulted in part of the EM map remaining unoccupied
(Figure S4A), indicating that multimerization requires substantial
conformational rearrangements within NLR monomers.
Hu et al. (2013) proposed a mechanism for NLRC4 activation
whereby the NACHT subdomains winged helix domain (WHD)
and helical domain II (HD2) together with the LRR domain
move as one rigid body with respect to the other two NACHT
subdomains nucleotide-binding domain (NBD) and helical
domain I (HD1). Our data indicate, however, that this is not the
case, since manual fitting of the WHD-HD2-LRR fragment re-
sulted in significant protrusion of the HD2 domain (Figure S4B).
In subsequent fitting attempts we therefore considered the
LRR domain as a separate rigid body.
Since inflammasomes and apoptosomes have many func-
tional and structural similarities (Proell et al., 2008), we tested
the hypothesis that their NACHT subdomains are similarly ar-
ranged in the active conformation. The Apaf-1 and NLRC4
NACHT subdomains are structurally conserved with the excep-
tion of HD2 (Figure S3C). In Apaf-1 the NBD and HD1 are held
together by the presence of a nucleotide, and activation causes
a rotation of the WHD-HD2 fragment with respect to the NDB-
HD1 fragment. To generate an Apaf-1-like active conformation,
and assuming conservation of interdomain interfaces, we rear-
ranged the WHD-HD2 fragment of NLRC4 with respect to its
NBD-HD1 fragment, guided by the position of the WHD in apop-
tosome-incorporated Apaf-1. As with previous models, this
model left part of the EM map unoccupied (Figure S4C), indi-
cating that the active conformation of the NACHT domain differs
between inflammasomes and apoptosomes.
Finally, a satisfactory model could be obtained by fitting the
NBD-HD1, WHD-HD2, and LRR domains as separate rigid
bodies into the EM density. To this end the NLRC4 NACHTal section (right). Helical pitch and diameter are indicated.
ized average map of right-handed particles using H 5.57 ± 0.34 A˚, +30.9, 1, 1
icated.
ymmetric average map of the right-handed multimer (meshed). The model is
imilar in (G) and (H).
which are indicated as a green spiral).
tructure of inactive NLRC4 (left, PDB: 4KXF), the cryo-ET-based model active
gment (right, gray indicating inactive NLRC4).
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domain was initially placed in the density in its dormant confor-
mation with the NBDs facing toward the central rod, similar to
the orientation in the apoptosome, with the HD2C terminus posi-
tioned in close proximity to the N terminus of the LRR domain,
which was placed independently. Next, three consecutive sym-
metry-related molecules were generated andminor adjustments
in their orientation were applied manually to reduce clashes
with symmetry-related neighbors. This manual fit was refined
computationally based on iterative rigid body refinement of
symmetry-related copies of NBD-HD1, WHD-HD2, and LRR do-
mains (Figures 3F, 3G, and S4D).
During manual fitting of the CARD in the density of the central
rod, it became evident that it did not follow the helical symmetry
of the NACHT-LRR region; generation of symmetry-related
CARDs resulted in severe steric clashes while leaving a large
fraction of the density unoccupied. When no symmetry con-
straints were applied, however, the CARDs were able to fill the
density of the central rod satisfactorily (Figure S4E). Because
of its deviating symmetry, the CARD was not included in further
automated optimization of the model.
The resulting optimized model shows a putative conformation
of NLRC4 in its activated and polymerized state (Figure 3H).
Comparison of this model with the crystal structure of inactive
NLRC4 (Hu et al., 2013) reveals significant conformational
changes: a 21 rotation of the NBD-HD1 segment and a 49 rota-
tion of the LRR domain with respect to the WHD-HD2 fragment
generates an ‘‘open lock’’ structure. This conformational change
exposes previously buried surfaces of the NACHT domain,
thereby sterically allowing helical NLR oligomerization. Our re-
sults show that the conformational change within the NACHT
domain of NLRC4 in the formation of inflammasomes is distinctly
different from that in apoptosome formation. This may explain
how these NLRs do not form a ring-like structure similar to apop-
tosomes, but rather polymerize into a helical multimer.
DISCUSSION
NLRs have been shown to play an essential role in the induction
of an inflammatory immune response. Their activation through
detection of invading microorganisms induces a conformational
change that leads to their multimerization, followed by recruit-
ment of downstream signaling partners into the multicomponent
inflammasome. In this study we used cryo-ET to analyze the
structure of hetero-oligomeric NAIP5/NLRC4 and NAIP5-PKG/
NLRC4 complexes. We showed that they form a heterogeneous
mixture of particles, which can appear as dimeric disc-like struc-
tures, as well as flexible left- and right-handed helices of variable
length. The longer helices enabled analysis of the inflammasome
structure. The right-handed conformation has a diameter of
28 nm, a pitch of 6.5 nm, and H 5.57 ± 0.34 A˚, +30.9, 1, 1 sym-
metry. Aided by the helical symmetry, we obtained a subtomo-
gram averaged map at a resolution of 4 nm. Rigid body fitting
of atomic models of NLR domains into this map gives initial
insight into the quaternary structure of NAIP5/NLRC4 multimers.
Comparison of the crystal structure of dormant NLRC4 (Hu et al.,
2013) with our model for inflammasome-incorporated NLRC4
suggests that NLR activation and formation of the helical multi-
mer is accompanied by conformational changes between NLR
domains, in particular involving a movement of the LRR domain2354 Structure 23, 2349–2357, December 1, 2015 ª2015 Elsevier Ltdaway from the NACHT domain, that enable interaction with
neighboring NLRs in the oligomer. Based on existing data
and our current findings, we propose that NAIP5-NLRC4
inflammasomes are formed by the following four-step model
(Figure 4). (1) FliC-D0L primes NLRC4 by inducing phosphor-
ylation (Matusiak et al., 2015) and activates NAIP5 by binding
to a region within the NAIP5 NACHT domain (Tenthorey et al.,
2014). (2) The NAIP5/FliC-D0L and pre-activated NLRC4 form
a complex that (3) nucleates polymerization of NLRC4 upon
the NAIP5/NLRC4/FliC-D0L complex into a helical inflamma-
some. Finally, the assembled platform of CARDs (4a) recruits
and activates caspase-1 or (4b) causes dimerization of the
particles.
In our model a single molecule of NAIP5, activated by direct
recognition of the flagellin D0L domain, forms a complex with
primed NLRC4. Although no structure of dormant NAIP5 exists,
we assume that both NLRs undergo similar conformational rear-
rangements. This NAIP5/NLRC4/FliC-D0L complex then serves
as an initiator for NLRC4 polymerization, allowing formation of
a hetero-oligomeric helical complex. Both left- and right-handed
helices can be formed. Several observations suggest that the he-
lices mainly comprise NLRC4. (1) We previously observed that
NLRC4 can spontaneously polymerize into helical structures,
whereas NAIPs do not self-associate (Halff et al., 2012; Ten-
thorey et al., 2014). (2) SDS-PAGE analysis of the purified com-
plexes used in this study showed that NAIP5 is far less abundant
than NLRC4 (Figure 1C). (3) Fitting of CARDs into the central rod
of the EM-derived map leaves only limited residual density, sug-
gesting that only occasionally a CARD can be replaced by three
BIR domains (Figure S4F). Since NAIP5 is required to initiate
complex formation, we assume that it is mainly located at the
start of the helices, although we were unable to verify this state-
ment as the final averaged map was of insufficient resolution to
discern individual protomers. However, we cannot exclude the
possibility that additional but non-adjacent copies of NAIP5 are
incorporated in the helical core and/or at the end. Indeed, a
recent analysis of NAIP/NLRC4 inflammasomes revealed an
average ratio of fivemolecules of NLRC4 for every twomolecules
of NAIP (Tenthorey et al., 2014).
Other NAIP/NLRC4 inflammasomes are likewise formed upon
detection of PAMPs that are structurally related to flagellin. This
functional similarity, combined with the high sequence con-
servation between different NAIPs, suggests that the herein
proposed structural model for formation of the NAIP5/NLRC4 in-
flammasome will also be valid for other hetero-oligomeric NAIP/
NLRC4 inflammasomes. Whereas NAIPs determine ligand spec-
ificity (Zhao et al., 2011; Kofoed and Vance, 2011; Halff et al.,
2012; Yang et al., 2013), induction of downstream caspase-1
activation is thought to be solely dependent on the NLRC4N-ter-
minal CARD (Mariathasan et al., 2004). Our analysis of complex
formation between NLRC4 and NAIP5 N-terminally fused to GFP
indicates that NAIP5/NLRC4/FliC-D0L complexes dimerize via
their exposed EBDs. As noted for apoptosomes, dimerization
might well be concentration dependent (Yuan et al., 2010,
2011), whereas the physiologically relevant, caspase-1 acti-
vating inflammasome will be a single complex (Figures 4 and
S2). We find the CARDs to not only form a dimerization platform
at one side of the NAIP5/NLRC4/FliC-D0L multimer but also
display a filamentous buildup at the core of the complex. ItAll rights reserved
Figure 4. Stepwise NAIP5/NLRC4 Inflam-
masome Activation Model
Step 1: Flagellin primes NLRC4 by inducing
phosphorylation, and binds and activates NAIP5.
The white asterisk indicates the phosphorylation
site in NLRC4. Step 2: Activated NAIP5 recruits
and activates primed NLRC4 by inducing similar
conformational rearrangements to form the NAIP5/
NLRC4/FliC-D0L complex. Step 3: This complex
forms a nucleation site for helical NLRC4 poly-
merization. Activated NAIP5 might also be incor-
porated at low frequency. Step 4a: The CARD-
exposing side forms a nucleation complex for
caspase-1 multimerization. Step 4b: Alternatively,
the CARD-exposing side of the helical complex
allows dimerization. In the helical complexes, 11
NAIP5/NLRC4 molecules are shown.may well be that NLRC4 polymerization via the NACHT domain
forces the CARDs into these filaments. However, as recent
studies show that CARDs can polymerize into filaments in the
absence of NACHT domains (Xu et al., 2014), an alternative pos-
sibility is that exposure of the CARD upon NLRC4 activation in-
duces CARD filament formation, which in turn drives NLRC4
polymerization. In a similar way, PYD polymerization might drive
NLRP3 filament formation (Cai et al., 2014; Lu et al., 2014; Sahil-
lioglu et al., 2014).
We observe substantial variation in filament length between
different preparations and constructs. It is known that protein
overexpression may lead to self-assembly; therefore, we expect
that the longer helices that enabled us to determine the NLRmul-Structure 23, 2349–2357, December 1, 2015timer structure only form at high non-
physiological concentrations and might
not have biological significance. As
NLRs are naturally expressed at a low
level and caspase-1 activation can only
occur at the CARD-exposing end of NLR
multimers, the biologically relevant parti-
cles may well be the shorter helices that
we observed in preparations of NAIP5/
NLRC4/FliC-D0L inflammasomes where
NAIP5 is not fused to PKG. On the other
hand, heterogeneity in particle size has
been reported in other studies and may
be an inherent characteristic of inflamma-
somes. Moreover, the particle size of NLR
multimers may be affected by the pres-
ence of other inflammasome compo-
nents: hetero-oligomeric NLRP3/NLRC4
complexes formed in vivo in the presence
of ASC and caspase-1 assembled into
specks of sizes up to 1 mm (Man et al.,
2014). Future work to elucidate why sizes
differ between these in vitro inflamma-
some preparations and in situ whole
assembled inflammasomes might include
cryo-(super-resolution) correlative light
microscopy and EM on cell sections. Irre-
spective of their length and dimensions,the EBD-exposing NLRmultimerswill be able to nucleate the fila-
ment and/or speck formation of downstream signaling mole-
cules, as has been described in recent work (Lu and Wu, 2014;
Man et al., 2014; Sahillioglu et al., 2014).
Helical prion-like polymerization is an emerging concept that
seems to be common to several effector molecules downstream
of ASC-dependent and -independent inflammasomes (Cai et al.,
2014; Lu et al., 2014; Lu and Wu, 2014; Sahillioglu et al., 2014).
We now add to these data a prion-like structure of NLRs. Impor-
tantly, the proposed model is in agreement with other studies
showing filamentous structures for inflammasomes, as well as
the hypothesis that ligand binding by NLRs induces an activation
mechanism that requires conformational changes within theª2015 Elsevier Ltd All rights reserved 2355
protein, particularly a release of interaction between the LRR and
NACHT domain. Based on the similarities with other recent
studies, we hypothesize that the model provided here is also
relevant for other NLR-containing inflammasomes.
EXPERIMENTAL PROCEDURES
Expression plasmids for murine NAIP5, murine NLRC4, and the Salmonella
Typhimurium flagellin D0L fragment were created as described by Halff et al.
(2012). All NLR constructs were expressed in HEK293E cells using pUPE vec-
tors (U-Protein Express) and purified using StrepTactin Sepharose beads (GE
Healthcare) as described previously (Halff et al., 2014). HEK293E cells were
cultured in Freestyle medium (Invitrogen) in suspension with agitation at
120 rpm. Complexes containing NAIP5-PKG were further purified by gel filtra-
tion. Purification and complex formation was evaluated by native PAGE and
SDS-PAGE.
For cryo-EM, samples were applied to glow-discharged Quantifoil grids,
blotted, and plunge-frozen in liquid ethane/propane using Vitrobot (FEI) or
EM GP (Leica) grid plungers. All data were collected at a Titan Krios trans-
mission electron microscope (FEI) at NeCEN (Netherlands Center for Elec-
tron Nanoscopy) using either a Falcon I direct electron detector (FEI) for
dual-axis tomograms and single images or a Quantum energy filter (Gatan)
for single-axis tomograms. Tilt series were acquired using FEI Xplore3D
and images with FEI EPU software. Tomograms were reconstructed in
IMOD (Kremer et al., 1996) and subtomograms averaged using PEET (Nicas-
tro et al., 2006). Pseudoatomic models were created by manual rigid body
fitting in the map of the right-handed helix, excluding the central rod, fol-
lowed by refinement by multifragment docking using Situs (Wriggers,
2010). Results were visualized in UCSF Chimera (Pettersen et al., 2004)
and IMOD.
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